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1, INTRODUCTION 
NADI-I : ubiquinonc rcductose (NADI.1 
dehydrogcnr~sr o complex I, EC 1.6.W.3) is tlic first of 
the 3 psaton pumping clsctron trnnsfcr complrxes of 
mitochondrin. ‘The coqlplcx is an assembly of some 30 
different subunits of which 7 (in N, cYcIssc/ at least 6) arc 
of mitochondrial genetic origin and the remaining ones 
arc imported from ths cytoplasm. Only a few subunits 
which carry ths FMN and the 4 or 5 iron-sulfur 
slusters partake direstly in clcctron transport (for a rc- 
cent review see [l]). The functions of the many addi- 
tionnl subunits which do not contain prosthetic groups 
are largely unknown. In this paper we report the 
primary Structure of a 4,O kDa subunit of the NADI-I 
dshydrogcnase from N. LXZSSC( determined by sequenc- 
ing of the genomic DNA, the cDNA and the N- 
terminus of the mature protein. We compare the gro- 
rein sequence with the sequences of members of a 
recently discovered mitochondrial protein family in- 
cluding the subunits I and II of ubiquinol :cytochrome 
c reductase, the matrix processing peptidase, and the 
processing enhancing protein from N. CRWWZ and yeast 
[%,3]. Significant sequence similarities suggest that the 
40 kDa subunit of the NADM dehydrogenase aIso 
belongs to this protein family. 
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2. MATERIALS AND ME’I’HODS 
The cknring and scrjucncing atrarcgy is dcscrihcd clscwl~crc (4). N. 
wmw sUNA librnrics wcrc crcntcd in A@ I I nnrl hyi IO, Anliscrum 
against the 40 kCla subunir was used lo screen 2 x IO ~I;K~IICS of lhr 
Agr I I library. IIISCPIS of 4 positive C~OIICS WCPC cxcisctl wilfi EY~RI 
and subcloned info the plasmid pT9T3-IXU (Pharm;rcin) yiclcling lhc 
plasnkla pNlJ040~2,4,5,10, One of fhe inserts was I;~bclcd with 
[~r-‘~P]tlATl~ by random priminy and usctl to screen the Agr IO 
library. A~non~ 5 )c lo” p~nqucs o:ic poritivc ciaric \viIS fou~id COII- 
laining an inscrl of 1246 bp (pl\lUOQO-18). it CCllltiliIl~tl llrr cnlirc 
cDNA of the subunit cxscpt 54 bp in the 3’ region. This missing 
region was t’mncl in pNUO40-IO tagcthcr with fhc termination 
codon, ;1 I35 nuclcotidc 3’-untranslated region and 10 ndeniw 
rcsidws as part of ~hc poly(A) tnil. Gcnomic clones [4] conraining 
parts of the cntirc gene were identified by Southurn blotting and 
hybridization with the [tr.“21J]dA’TP-labcle~~ inscrr of plnstnitl 
pNUO40-18. Rcslriskion fmgmcnts gencratcd by digestion with 
Orr~~rI-11 and CM and containing overlnppiny fragments at the sizes 
of 2.0, 1.8 and 0.5 kbp were subcloned in pT7T3-18U or -lPU. Both 
strands wcrc sequenced twice by the didcoxynucleotidc chain tcr- 
mination proccdurc using [5’-a-35S]tEiio-dATP (Am,ersham) and 
T7-polytnerasc (Phormncia). Regions difficult IO sequence were 
established by using c7-deara-GTP. For Edrnm degradation, the 
40 kDa subunit was transferred to a polyvinylidene difluoridc mcm. 
brane and scrp~nse61 in an Applied Biosystcms 477A instrument. SC. 
qucnces were analysed using PCGENE and Hcidclberg Unix 
Secpence Analysis Resources (HUSAR). 
3. RESULTS AND DISCUSSIBN 
The sequencing strategy is shown in Fig. 1 and the 
primary structures of the gene and the protein are 
shown in Fig. 2. The coding region of the gene is divid- 
ed by seven introns evenly distributed in the gene and 
ranging in size from 57 to 9% bp. The length and the 5’- 
and %‘-boundaries of the intervening sequences are 
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4 equivalent points. The isolated 40 kDa subunit was 
d - submitted to I9 cycles of Edman degradation and the 
v ---@ W amino acids determined were in accordance with posi- 
___* & 
------+- tion 27-45 of the sequence deduced from the cDNA. 
b 4 The mature subunit therefore is preceded by a sequence 
of 26 residues starting with methionine. The subunit 
% “, 
z u z ST F ‘I;% p c-0 
consists of 349 amino acids and its calculated molecular 
$ LOOT r gg 2 s$ mass is 40 109 Da. (A value of 42 kDa resulted from 
SDS gel electrophoresis.) The N-terminal presequence 
of the subunit has the characteristic features of a 
2 i? 
mitochondrial import sequence, a net positive charge, 
$ 2 
“=: 
*: z 
rj=l 2;: 6-0 -W Zd gv) F_ no acidic residues and is able to form an amphipathic PI Lnf 6 
“5 ua I helix [6]. The processing site shows the typical motif of 
2 arginines at positions -3 and -2, alanine at - 1 and 
W -v4 serine at 1-2 173. 
4 -- 
* c- Fig. 3 shows the sequence alignment of the 40 kDa 
--3A & NADH dehydrogenase subunit, the matrix processing 
# * A----+ peptidase (MPPN) [8], the processing enhancing protein 
W __, (PEPN) which is identical to the subunit I of 
- - cytochrome reductase [a], all 3 from N. crassa, and 
Fig. 1. Partial restriction maps of the combined cDPIA inserts and 
the genomic fragments. The sequencing strategy is indicated by 
MPPY 191 and PEPY [lo] from Saccharomyces 
arrows, lntrons are indicated by boxes. 
cerevisiae. Significant similarity in the N-terminal 
moieties of the § proteins exist. Direct comparison of 
the region from residues 27 to 188 (encoded by the first 
similar to introns of N. cram genes. The consensus e- 4 exons of the NADH dehydrogenase subunit) with the 
quence for lariat formation PyGCTAACN [5] is found corresponding stretches of MPPN, PEPN, MPPY, and 
in intron 1, the other introns show sequence stretches PEPY gave sequence identities of lo%, 18070, 19% and 
which correspond to the consensus sequence at 15%. Comparison of this region of the NADH 
-30 GGCCAGCCClGCCACCCCCCAACTCACAAG ATGGCtCCCTfGACGGCCGCGA?GCGTCGGACTCCCAG~TTATCGtTTCCAATGCCT7TGGCTTtCAGCGACGAGCTATCTCCGACGTG 
MAPLTAAMRRTBRIIVSNAFGFPRRalSDV 
91 ACCATCACCCGCACCGGCAAGCCCATCATCCGTAACCAGGGTGCCC GTBQITTGTTGCTATATCTCTCCTTGGGTAGAATGGGCGATTGCT6\ACACGTCGTCTACCTCCACAG GCTCCTCC 
TlTRTGKPllRNPGG R s s 
211 CTCGGTGGACATACGGCGI\CAGTCTTCGGTGCGACCGGCCAACTCGGCCGCTACATCGTC~CAGACTAG GTACGATCTGGCGACTTTGTGGCGTAGGCCTCTATAGAGATCACCATGGCT 
1GGHTATYFGATGQLGRYlVHRL 
362 TATATCAAGAACATTTGCAG CGAGACAAGGATGCACTGTCGTCATTCCCTTCCGCGACGAGfACMCAAGCGCCATCTGAAAGTTACGGGTGATTTGGGCBAGGTGGTCATGATT GTGA 
ARPGCTVVIPFROEYNKRtiLKVTGDLGKVVMI 
451 GCTTTTCCCCCACMCAaGAGTCATGTCCACACAGTCGAtGCCCACGTACGCGCAAGGATCCAGCTACTAAGCAT~CCACCACTCCAG GAGTTCGACTTGCGCAACACCCAATCCATCGAG 
EFDLRNTPSIE 
573 GAGAGCGTCCGACACTCCGATOTCGTCTACAACCTGntCGGTCGCGACrACCCGACC~ GTGAGTCTGGATT?ACTGGGAAAGGTTGTGGTGGAGATGCACGAGTATTGAC~TGGGTCCCA 
ESVRHSDVVYNLIGRDYPTK 
694 G GI\PlCTTCTCGTTCGAGGACGTCCATATCCAGGGTGCTGAGCGCATCGCCGWACGTGTCGCCAI\BlACGATGTCGACCGCTTCATCCACGTCTCGTCfTACABTGCAGACCCCMCTCGGAG 
NFSFEDVlilEGAERlAERVAKYDVDRF~tiVSSYNADPNSE 
816 TGCGAGTTCTTCGCCACCAA GTACGATTACMGACAGCCTCTTCCAGCGAG?CGCATGGTTATGGGTTTC?GATTGGATCTGTAG GGCGCGCGGTGAGCAAGTAGTCAGGAGCATTTTC 
CEFFATK ARGEPVVRSlF 
935 CCCGAAACCACCATTGTCCGGCCAGCTCCCATGTTTGGCTTCGAGGAC~GGTTGCTTCACABGCTTCCW\GCGTCAAGAATATCCTGACATCCAATGGGATGC~GAGAAGTAC~CCCTGTC 
PETTIVRPAPMFGFEDRLLHKLASVKNILTSNGMQEKYNPV 
10% CAC GTCTTCCCCCACGATATAACCCTTTGCGCGCGGACGGTAGCATCTGACAGCCGTTTTAG GTGATTGATGTTGGCCAGGCTCTTGAACAGATGCTCTGGGACGACAACACTGCTTCG 
H 'VIDVGQALEPMLWDDNTAS 
1177 GAGAC~T?T~GCTC?ACGG?CCC~GACC~ACAC?ACCGCTG~OA~CTCCGAGA?GG?TGACCGCG~TCTAC~GAGGC~GCGCCACGTG~TG?GCCC~G~GATCCTCAA~CCGATC 
ETFELYGPKTYTTAEISEMVDREIYKRRRH'VNVPKKILKP"1 
1300 GCCGGTGTGCTGABCAAGGCCCTCTGGTGGCCCATCATGTCTGCCGA~GAGA?TGAGCGTCAGTTCCACGACCAGGTCATCGATCCGGAGGCC~GACCTTCAAGGACCTCGGCATCGAGCCT 
AGVLNKALUWPtMSADElEREFHDQVIBPEAKTFKDLGlEP 
1423 GCAGAtATCGCCAl\CTTCACCTACCATTACTT GTAAAGTTGCCCACATCACATTCGAGTGCIV(BBGTATGATGACTGATTCCCATGCAG GCAAAGTTATCGCAGCAATGCCTACTACGAC 
ADIANFTYHYL PSVRSNAYYO 
1543 CTTCCGCCAGCGACCGWAAACACATGCTGTGA GTATCTTTGGGGTTGCACAGGGATGTAGASTGTAGR 
LPPATEKERREDREYINML" 
1665 GAGTCGACGG~CACAGAACGTCCA~CTGGATGCTCTGGTGAG~TTAGAGCMTCQGAGAOAtfTGC~CMCGTTTGAACGA?CTGGGGTG~TTG~GCCTTC~CTCGACGGGGTTGTG 
1788 TTTACTGGTA;GA:CfGACC~GGGGAACGGAT~AGG~~TGGCATCBATGCATCCAC~?TTTT 
Fin a. 2. SeWence of the gene and the precursor protein of the 40 kDa subunit of NADH dehydrogenase. The N-terminus of the mature protein 
is indicated by boldface type. Transcription termination is marked by an asterisk. 
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Fig. 3. Alignment of the amino acid sequences of the processing enhancing protein and the matrix processing peptidase of Iv. crassa (PEPN, 
MPPN) and yeast (PEPy, WIPPy) and the 40 kDa subunit of the N. crassa NADH dehydrogenase (NDHN). The region between residues 291 and 
333 in the sequence of MPPN is left out. The simple blocked areas show similarities while thedouble blocked areas show identities. The boundaries 
of the exons are marked by asterisks. Cons. means the consensus equence deduced from the sequences of PEP and MPP of both N. crassa and 
yeast. PEPN is identical to subunit I of cytochrome reductase. 
dehydrogenase subunit with a consensus sequence 
derived from MPP and PEP of A! crassa and yeast 
showed a degree of identity of 28%. The sequence com- 
parison was also extended to the subunits I and II of the 
yeast cytochrome reductase [11,12], but less similarity 
was found. 
As with the other members of this protein family, the 
40 kBa NADH dehydrogenase subunit contains no 
hydrophobic region long enough to span the mem- 
brane. The subunit is also a constituent part of a 
smaller form of the NADH dehydrogenase which is 
made in ZV. ua.w in place of the large form when the 
niitochondrial protein synthesis is inhibited by 
chloramphenicol [la]. Electron microscopic studies 
clearly showed, that this small form of NADH 
dehydrogenase is located at the matrix side of the inner 
mitochondrial membrane and protrudes deeply into the 
aqueous phase [14]. 
Why should mitochondrial proteins that can be 
grouped as members of the same protein family be in- 
volved with such different functions as electron 
transfer linking to proton translocation and processing 
of imported poiypeptides. Cotlsrnon to these proteins is 
” 
their location in the matrix space of the mitochondrion, 
either tightly bound to a respiratory chain complex, 
such as PEPN-subunit IN of cytochrome, TedUCtaSe, 
subunit II of cytochrome reductase and the 40 kDa 
subunit of NADH dehydrogenase, or in’free form such 
as MPPN,Y and PEPy. The common denominator with 
their function might be that protein-protein contact 
must occur. MPP has a proteolytic activity, and PEP 
is required for this reaction by interacting with MPP 
and the precursor protein. Subunits I and III of 
cytochrome reductase, like the 40 kDa subunit of 
NADH dehydrogenase, might function as a control 
unit, sensing what is going on inside’the mitochondria. 
Regulatory effects of the membrane potential on the 
H/e- stoichiornetry have been demonstrated for the 
A? crassa cytochrome reductase [15]. Alternatively, the 
40 kDa NADH dehydrogenase subunit might make 
contact with matrix dehydrogenases. In mammalian 
mitochondria substrate channeling of NADH from 
matrix dehydrogenases to, NADH dehydrogenase has 
been ‘reported to occur by transient enzyme-enzyme 
binding [16]. The function of the subunit might thus be 
to faciiitate ordered sequences of reaction. 
43 
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